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Over the past few decades there has been a growing realization that a large share
of apparently ‘virgin’ or ‘old-growth’ tropical forests carries a legacy of past natural
or anthropogenic disturbances that have a substantial effect on present-day forest
composition, structure and dynamics. Yet, direct evidence of such disturbances is
scarce and comparisons of disturbance dynamics across regions even more so. Here
we present a tree-ring based reconstruction of disturbance histories from three tropical
forest sites in Bolivia, Cameroon, and Thailand. We studied temporal patterns in tree
regeneration of shade-intolerant tree species, because establishment of these trees is
indicative for canopy disturbance. In three large areas (140–300 ha), stem disks and
increment cores were collected for a total of 1154 trees (>5 cm diameter) from 12 tree
species to estimate the age of every tree. Using these age estimates we produced
population age distributions, which were analyzed for evidence of past disturbance.
Our approach allowed us to reconstruct patterns of tree establishment over a period of
around 250 years. In Bolivia, we found continuous regeneration rates of three species
and a peaked age distribution of a long-lived pioneer species. In both Cameroon and
Thailand we found irregular age distributions, indicating strongly reduced regeneration
rates over a period of 10–60 years. Past fires, windthrow events or anthropogenic
disturbances all provide plausible explanations for the reported variation in tree age
across the three sites. Our results support the recent idea that the long-term dynamics
of tropical forests are impacted by large-scale disturbance-recovery cycles, similar to
those driving temperate forest dynamics.
Keywords: dendroecology, forest disturbance, regeneration failure, tree age distribution, tree regeneration, tree-
rings, tropical forest
INTRODUCTION
Disturbances are increasingly being recognized as important drivers of tropical forest dynamics
(e.g., Newbery et al., 2013; Tanner et al., 2014). Early studies on tropical forests focused on the
importance of gap-phase dynamics, caused by frequent small-scale disturbances resulting from
the death of one or a few trees, typically affecting several hundreds of square meters of forest
(Denslow, 1980; Brokaw, 1985). More recent studies have highlighted the importance of infrequent
Frontiers in Plant Science | www.frontiersin.org 1 January 2017 | Volume 7 | Article 1984
fpls-07-01984 January 4, 2017 Time: 15:45 # 2
Vlam et al. Age Distributions of Tropical Trees
disturbances that impact several hectares to square kilometers
at the same time, but occur only at decadal or centennial scales
(Burslem et al., 2000; Baker et al., 2005). These large-scale
disturbances in tropical forest include prehistoric anthropogenic
land clearings (Willis et al., 2004), multi-hectare blowdowns
(Nelson et al., 1994; Vandermeer et al., 2000), fire (Baker and
Bunyavejchewin, 2009) and extreme droughts (Allen et al.,
2010).
Decades of research in temperate forest ecosystems have
demonstrated that infrequent, large-scale disturbances are critical
determinants of forest composition, structure, and dynamics
(Oliver, 1980; Oliver and Larson, 1996), resulting for example
in highly irregular diameter distributions of the dominant trees
(Lorimer, 1980). In addition, there is a growing recognition
of the heterogeneity of disturbance regimes in temperate
forests and the prevalence of mixed severity disturbances
and disturbance regimes (e.g., Eschtruth and Battles, 2014).
Likewise, large-scale disturbances in tropical forests do not
always have a high-intensity. For example, landscape-scale
fires of low intensity (Baker and Bunyavejchewin, 2009) or
region-wide tree mortality following extreme drought events
(Nepstad et al., 2007; Allen et al., 2010) are both extensive
disturbances with highly heterogeneous patterns of tree mortality
and subsequent recruitment. A few studies have demonstrated
the occurrence of severe and broad disturbances in tropical
forests on a millennial time scale, through genetic analyses
and pollen research (e.g., Daïnou et al., 2010; Lebamba et al.,
2012). Forest monitoring studies on the other hand are unlikely
to capture the dynamics caused by infrequent severe and/or
large-scale disturbances because they are generally conducted
in small permanent plots for several decades (e.g., Baker
et al., 2004; Clark et al., 2010). As a result, the occurrence
and consequences of disturbances that take place at an
intermediate landscape scale and a temporal scale of centuries
has remained understudied so far (Zuidema et al., 2013). Tree-
ring research may provide information at this intermediate
scale, as has been shown for temperate forests (Lorimer, 1980;
Fraver et al., 2008), and to a lesser extent tropical forests
(Baker et al., 2005; Middendorp et al., 2013; Nock et al.,
2016).
We studied forest areas in three countries that were
known to have experienced distinct anthropogenic and natural
disturbances: severe droughts (Cameroon; Newbery et al.,
2004), recurrent low-intensity understory fires (Thailand; Baker
et al., 2008) and large-scale anthropogenic conversion in pre-
Colombian times (Bolivia; Paz-Rivera and Putz, 2009). These
disturbances are expected to have left marks in the current
forest stand structure. In our study, we evaluate evidence for
such legacies from the age distribution of shade-intolerant tree
species. For each study area, we obtained age distributions of
four tree species (long-lived pioneers and partial shade-tolerants)
in large (140–300 ha) areas. A standardized sampling design
allowed us to make comparisons among sites. To this end,
we examined whether tree regeneration rates of the 12 shade-
intolerant species were continuous or irregular over the past
two centuries and use these regeneration patterns to reconstruct
disturbance regimes.
MATERIALS AND METHODS
Study Area and Species
In Bolivia, samples were collected in the logging concession ‘La
Chonta’ (15.84◦ S, 62.85◦ W). The forest in La Chonta is a semi-
deciduous moist forest (Peña-Claros et al., 2012) and Fabaceae,
Arecaceae, and Moraceae are the dominant families (Toledo
et al., 2011). Elevation ranges between 298 and 436 m above
sea-level. Soils have been classified as relatively fertile ultisols
due to human influences (Peña-Claros et al., 2012). Total annual
precipitation in the region is around 1580 mm, with a 5-month
dry season receiving <100 mm precipitation per month from
May to September and mean annual temperature is 24.5◦C. Like
most of the forests in the Amazon, the area has been selectively
logged at low intensity for the commercially valuable broad-
leaf mahogany (Swietenia macrophylla). This logging took place
around 1992 (Pinard et al., 1999), but we have found no direct
evidence (e.g., old skid trails or tree stumps) indicating past
logging in our study area. On the other hand there is abundant
evidence for anthropogenic dark earths or ‘terra preta’ in the area,
indicating human presence until 300–400 years BP (Paz-Rivera
and Putz, 2009).
The site in Cameroon (5.25◦ N, 9.10◦ E) is a semi-deciduous
tropical rainforest of the Guineo-Congolian type. Samples
were collected in the logging concession 11.001 operated by
Transformation REEF Cameroon (TRC). This concession is
adjacent to the northwest border of Korup National Park and
the forest is dominated by Caesalpinioideae, Euphorbiaceae,
and Scytopetalaceae (Chuyong et al., 2004). Elevation is
approximately 100 m above sea-level. No detailed information
on soil characteristics is available for the site, but soils at nearby
Korup are described as sandy and nutrient poor (Newbery
et al., 1997). Mean total annual rainfall is around 4000 mm
and mean annual temperature 26.7 ◦C (Nchanji and Plumptre,
2001; Groenendijk et al., 2014). The climate is characterized
by a distinct 3-month dry season from December to February
with monthly rainfall levels <100 mm. Of the three sites, TRC
probably has the highest human influence, as several villages are
located directly adjacent to the logging concession.
The third site is situated in the Huai Kha Khaeng Wildlife
Sanctuary (HKK), Thailand (15.60◦ N, 99.20◦ E). The site at
HKK is a semi-deciduous tropical moist forest and dominated by
trees in the Annonaceae and Dipterocarpaceae family. Elevations
in HKK vary between 490 and 650 m above sea-level and the
soils are highly weathered slightly acidic ultisols (Bunyavejchewin
et al., 2009). Mean annual rainfall is ∼1470 mm (1993–2001)
and the 4–6 months dry season ranges from November to April.
Mean annual temperature is 23.5◦C. There is no human influence
in HKK, except for the Wildlife Sanctuary infrastructure and
agricultural areas around the park providing a potential ignition
source for surface fires (Baker et al., 2008). No logging activities
are known to have taken place in the study area.
Field Sampling
We collected stem disks and increment cores of 1154 individual
trees from the 12 shade-intolerant species listed in Table 1.
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TABLE 1 | Characteristics of the 12 study species, their shade-tolerance guild (LLP, long-lived pioneer; PST, partial shade-tolerant), and leaf phenology
(D, deciduous; and BD brevi-deciduous).
Country Species Family Ecological guild1 Wood density2 (kg/m3) Leaf phenology3
Bolivia Schizolobium amazonicum Fabaceae LLP 450 D
Sweetia fruticosa Fabaceae LLP 820 BD
Cariniana ianeirensis Lecythidaceae PST 360 D
Hura crepitans Euphorbiaceae PST 370 D
Cameroon Daniellia ogea Fabaceae LLP 550 D
Terminalia ivorensis Combretaceae LLP 500 D
Brachystegia cynometroides Fabaceae PST 620 D
Brachystegia eurycoma Fabaceae PST 620 D
Thailand Afzelia xylocarpa Fabaceae LLP 820 D
Melia azedarach Meliaceae LLP 480 D
Toona ciliata Meliaceae LLP 470 D
Chukrasia tabularis Meliaceae PST 630 BD
1Ecological Guilds: Bolivia (Peña-Claros et al., 2008), Cameroon (Hawthorne, 1995), Thailand (Herwitz, 1993; Elliott et al., 2002; Kaewkrom et al., 2005; So et al., 2010)
and the definitions are in accordance with (Poorter et al., 2006); 2Wood density: Bolivia (van der Sande et al., 2015), Cameroon (Cirad Forestry Department, 2008;
Lemmens et al., 2012), Thailand (Nock et al., 2009). 3Leaf phenology: Bolivia (Mostacedo et al., 2003), Cameroon (Hawthorne, 1995; Lemmens et al., 2012), Thailand
(Williams et al., 2008).
At each site, we selected four long-lived pioneer or partial
shade-tolerant species, because establishment of these species
is indicative for past canopy disturbance. Besides shade-
intolerance, main species selection criteria were presence of
clearly identifiable annual rings and adequate local abundance
enabling a sample size of approximately 100 trees. For
convenience, we refer to all species by genus, except for the two
Brachystegia species in Cameroon (Brachystegia cynometroides
and B. eurycoma).
All wood samples were collected over a period of 2 years
between May 2010 and May 2012. We collected samples using
a clustered design in which trees were sampled within a 50 m
radius of randomly assigned locations. The total area in which
trees were sampled following this clustered sampling design
ranged from 144 ha in Cameroon (16 clusters), to 272 ha in
Bolivia (22 clusters) and 296 ha in Thailand (23 clusters). Due
to the rarity of some target species, the full sample size could
not be achieved with this clustered sampling scheme. For those
species, we supplemented our collections with a full census of
the total plot area and collected samples from all individuals
(Table 2). All species in Bolivia, the two Brachystegia species in
Cameroon and Chukrasia in Thailand were collected using the
clustered sampling design; a full census was used for the other
species. In Thailand Afzelia, Melia, and Toona were sampled by
systematically searching the entire 296 ha area. In Cameroon
Daniellia and Terminalia were sampled in two additional areas,
because densities of these two species were extremely low in the
previously assigned 144 ha area.
The locations of all sample trees were mapped with a hand-
held GPS and we measured diameter at breast height (dbh; 1.3 m)
and diameter at sampling height of each sample tree. Height
measurements of all sampled trees were obtained using a digital
hypsometer (Nikon Forestry 550). In the logging concessions
in Bolivia and Cameroon a large fraction of the wood samples
for tree-ring analyses were collected as stem disks from recently
felled trees. All other samples were collected using a Suunto
(Vantaa, Finland) or Haglöf (Långsele, Sweden) increment borer.
At a height of approximately 1 m, we manually extracted tree
cores with a diameter of ∼5 mm. Therefore, ‘tree age’ and
‘year of establishment’ always refer to the time since reaching
sampling height of 1 m. Depending on the diameter of the tree
we used borers with lengths varying between 40 and 70 cm.
From trees <40 cm dbh two cores were taken, because the
borer would go straight through the tree and two radii per core
were obtained; for all larger individuals we took three cores.
Collecting multiple cores and stem disks allowed us to measure
rings over at least three complete radii, thereby correcting for
radial differences in diameter increment. We only cored trees
>5 cm to minimize damage to the juveniles. Throughout this
paper, the term regeneration refers therefore to the establishment
of individuals into the stage of small trees, sapling or poles, of
>5 cm dbh.
Tree-Ring Measurements
Increment cores were glued to wooden mounts and cut
perpendicular to the ring boundaries with a large sliding
microtome (Gärtner and Nievergelt, 2010). Stem disks were
sanded with progressively finer sand paper. Digital images
(1600 dpi) of the tree cores and stem disks were acquired using
a high-resolution flatbed scanner (Epson Expression 10000 XL)
and analyzed with the program WinDENDRO (version 2009b;
Regent Instruments Canada Inc.). Tree-ring boundaries were
marked manually on the screen and measured to the nearest
0.016 mm (for ring structures see: Supplementary Figure S1).
Large stem disks that could not be scanned, approximately 10%
of the samples, were measured to the nearest 0.01 mm using a
LINTAB 5 measurement device and TSAP software (Rinntech).
All ring-width series were visually cross-dated within trees and
then among trees. Cross-dating within trees was successful, cross-
dating among trees proved, however, more difficult (Groenendijk
et al., 2015). We were able to construct chronologies for the
four Thai species (Vlam et al., 2014b), but not for the Bolivian
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TABLE 2 | Characteristics of measurements of the 12 study species.


















Bolivia Schizolobium amazonicum 87 76 − 28.6 58.8 23 13 23.5 4 UM
Sweetia fruticosa 105 35 6 27.0 71.5 220 59 3.2 26 ED
Cariniana ianeirensis 102 62 7.5 37.4 125.0 170 63 4.6 17 LD
Hura crepitans 97 67 3.5 34.0 216.0 163 35 8.2 11 ED
Cameroon Daniellia ogea 104 Full∗ 11 51.0 158.0 282 159 2.8 36 UM
Terminalia ivorensis 62 Full 3.5 44.0 220.0 188 115.5 12.6 7 UM
Brachystegia cynometroides 122 98 10 55.0 155.0 200 113.5 3.7 27 UM
Brachystegia eurycoma 124 94 6 47.8 130.0 190 98 3.2 36 UM
Thailand Afzelia xylocarpa 98 Full 6 37.9 121.2 243 67 6.6 13 UM
Melia azedarach 90 Full 2 41.0 98.1 121 39.5 19.5 4 UM
Toona ciliata 60 Full 4 43.0 116.4 156 57.5 6.3 10 UM
Chukrasia tabularis 103 43 6 40.8 91.4 189 73 3.9 23 UM
∗For these species we applied a full census of the area. Number of trees included in this study (n); percentage of trees sampled according to the random sampling
scheme (nrand); median number of estimated rings missed to the pith for trees that did not include the pith (nmissed); maximum adult stature (Hmax); maximum adult
diameter (dbhmax); maximum age (Agemax); median age (Agemed); mean juvenile (<20 cm dbh) dbh-growth rate (JGmean); years needed for 75% of the individuals to reach
5 cm dbh (>5 cm dbh); shape of the age distribution (Age-shape): exponential decrease (ED), logistic decrease (LD), unimodal (UM).
and Cameroonian species (Groenendijk et al., 2014). We stress
that our study was not aimed at, nor designed to, establish
chronologies, we included for example many small (juvenile)
trees which can typically be poorly cross-dated.
The annual character of the rings was verified by various
means. For three Bolivian species, Cariniana, Hura, and Sweetia,
scars in the wood produced by a fire were used to confirm
the annual nature of the rings (Brienen and Zuidema, 2003;
Lopez et al., 2012). The annual nature of Schizolobium rings
was determined by counting rings of trees of known age in
a plantation forest ∼200 km from the study area (P. van
der Sleen, unpublished results). To verify dating accuracy of
three Cameroonian tree species we used radiocarbon dating
(Worbes and Junk, 1989). This revealed that dating accuracy of
B. eurycoma and Daniellia rings was high, but dating accuracy
of B. cynometroides rings revealed a mean error of around 10%
(Groenendijk et al., 2014). This dating error in B. cynometroides
was presumably caused by the erroneous interpretation of true
rings as false rings, leading to underestimation of ages. The
annual nature of Terminalia rings was proven by a cambial
wounding experiment (Detienne et al., 1998). For all four Thai
species the annual nature of the rings was also proven by a
cambial wounding experiment in HKK (Baker et al., 2005).
The annual growth periodicity was further supported by strong
correlations between Afzelia, Chukrasia, Melia, and Toona tree-
ring chronologies and seasonal climate data (Vlam et al., 2014b).
Age Dating Accuracy
In the case that none of the stem cores included the inner most
part of the stem (hereafter referred to as ‘pith’), the distance
to the pith was estimated by the degree of arcing in the oldest
visible ring, assuming a circular growth pattern using the protocol
described by Splechtna et al. (2005). If no arcing was visible on
the cores we calculated the missing distance to the pith based on
the diameter at sample height measured in the field. The missing
distance to the pith was then used to estimate tree age by dividing
the missing radial distance to the pith by the average width of the
five oldest visible rings. In 70% of the sampled trees in Bolivia
the pith was visible, including all Schizolobium trees (Table 2),
and hence the exact age of the tree could be retrieved. For the
Cameroonian sample trees 41% could be exactly dated to the pith.
For the Thai site, where sampling was restricted to coring, an
exact age could be obtained for 23% of the trees based on a visible
pith. Overall the number of missed rings to the pith in the cores
was small, with an estimated median of six missed rings for those
trees that did not include the pith (n = 629). Table 2 gives an
overview of the median number of rings missed to the pith for
those trees in which none of the samples included the pith. For
five trees the estimated missing distance was >100 rings and these
trees were subsequently removed from the dataset.
Ring identification errors have likely occurred and dating
errors have accumulated toward earlier dates (i.e., older trees).
In particular, dating errors for B. cynometroides of around 10%
(cf. Groenendijk et al., 2014) may have diffused the observed
regeneration pattern, though were unlikely to affect the general
picture. Additional dating uncertainty resulted from the missing
distance to the pith in a considerable fraction (55%) of our
tree-ring samples. Further aging errors may have resulted from
variation in time to reach sampling height (∼1 m). Each
of these dating issues has resulted in a spread in tree ages
around their actual age, potentially obscuring patterns of episodic
regeneration.
Data Analysis
We used the tree-ring derived age distributions of shade-
intolerant tree species to explore historical patterns of tree
regeneration. To illustrate how age distributions may be
interpreted, Figure 1 shows expected age distributions of an
imaginary shade-intolerant tree species for three situations
and how these distributions can be analyzed statistically. In a
theoretical situation of a constant disturbance rate, regeneration
of shade-intolerant trees is expected to be constant over time.
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FIGURE 1 | An illustration of how temporal patterns in recruitment rate (A,D,G) determine tree age distributions (B,E,H) and how these distributions can be
analyzed statistically (C,F,I). Temporal patterns of recruitment were generated for an imaginary shade-intolerant tree species with continuous recruitment (A–C),
recent regeneration failure (D–F) and episodic regeneration (G–I). The lower abundance of old trees (B–H) is due to mortality, which was assumed to be 1% annually
in this example. Statistical functions (C,F,I) are from a set of seven logistic regression functions (Jansen and Oksanen, 2013).
Under such a scenario (Figure 1A), age distributions are often
well described by a ‘reversed-J’ shape (Figure 1B), assuming
a constant annual mortality rate (Agren and Zackrisson, 1990;
Westphal et al., 2006). In the situation of a severe disturbance
followed by a period without any major disturbances, the
regeneration rates of shade-intolerant species will be high for a
marked time window that follows the disturbance and then drop
again (Figure 1D, “Recent regeneration failure”). This results
in a unimodal age distribution of extant trees (Figure 1E),
where the left drop in the age distribution is hypothesized to
result from lower regeneration rates and the right drop results
from accumulated mortality. In the case of recurrent severe
disturbances, multiple regeneration episodes may occur, and
therefore multiple peaks in the age distribution (Figure 1H).
Age distributions of all species were analyzed to detect
irregularities in regeneration rates. For all 12 species population
age distributions were produced using 10-year age classes.
Because sampling was limited to trees >5 cm dbh, we calculated
the number of years it took trees to reach 5 cm dbh. For each
species we produced an ‘age at 5 cm dbh distribution’ and we took
the 75th percentile as a threshold value for all further analysis. We
chose a cut-off of 75% because it results in a conservative estimate
of the time needed for an individual tree to reach 5 cm dbh,
while the value does not become strongly affected by a minority
of persistently slow-growing individuals.
To analyze tree regeneration rates over time we used a
hierarchical set of seven models (Huisman et al., 1993; Jansen and
Oksanen, 2013). In this analysis, age classes were used such that
in all species non-zero counts spanned at least 10 age classes (with
a maximum of 29). As a result, 11 out of 12 species had age classes
that were set at the standard 10 years. However, the 10-year age
class bins were not suitable for some of the shorter-lived species,
for which we used narrower age class bins. For Melia, counts per
5-year age class were used and for Schizolobium counts per 2-
year age class were used. The seven models are logistic regression
functions of increasing complexity that are traditionally used to
relate species presence or abundance to environmental variables.
In our case, these models were used to relate density per
age class to the age data assuming a Poisson distribution and
using maximum likelihood estimation. The simplest model that
sufficiently explained the observed age pattern was selected based
on the Akaike Information Criterion corrected for small datasets
(AICc) (Jansen and Oksanen, 2013). If best-fit models were
a straight line, exponential decrease or logistic decrease, we
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determined that regeneration rates had been relatively constant
over time (Figure 1C; exponential decrease). If selected models
were unimodal (two model types), we determined that there
was evidence for high past recruitment rates and/or recent
recruitment failure (Figure 1F). A bimodal shape (two model
types) would indicate a significantly bimodal age distribution,
indicative for episodic regeneration (Figure 1I). All statistical
analyses were conducted and graphically depicted using the R
Software environment version 3.0.0 (R Core Team, 2013) and the
package eHOF (Jansen and Oksanen, 2013).
RESULTS
Tree Characteristics
Maximum height, dbh and age of the sample trees were highest
for Cameroon, with a median tree age of over 100 years (Table 2;
Supplementary Figures S2E–H). Sample trees at the site in
Bolivia had a comparatively lower height, dbh (Supplementary
Figures S2A–D,I–L) and age, whereas the site in Thailand was
intermediate between Cameroon and Bolivia.
Growth rates and growth patterns were variable among
species, both within and among sites (Figure 2). Also within
species a high variation in growth patterns of individual trees
can be observed, as expressed by the fan shape of the graphs
in Figure 2. Brachystegia spp., Daniellia, Sweetia, and Chukrasia
were the species with the lowest juvenile diameter growth rates
(around 3-4 mm year−1; Figure 2). It took 20–40 years for 75%
of the individuals of these species to reach 5 cm dbh (Table 2).
This is contrasted by the high juvenile growth rates (∼20 mm
year−1) of the long-lived pioneers Schizolobium and Melia for
which 75% of the individuals had reached 5 cm dbh in 4 years
(Table 2; Figure 2). To account for this time to reach 5 cm dbh,
we used the ‘age at 5 cm dbh distribution’ as a threshold value
for all further analyses. Applying such a threshold was necessary
to exclude a period of apparent regeneration failure as a result
of only sampling trees >5 cm dbh. For example, out of the 102
Cariniana trees in this study 75% had reached 5 cm dbh in
≤17 years. So, for Cariniana all analysis of age distributions was
restricted to age classes >17 years.
Age Distributions
The age distributions of the 12 study species are shown
in Figure 3. Of these 12 species, nine show irregular age
distributions. In particular, the tree populations in Cameroon and
Thailand, with the exception for Melia, show a nearly complete
absence of young (<30-year-old) trees, with median estimated
trees ages of 115 and 58 years, respectively.
In Bolivia, where median tree age was 43 years, the age
distributions of three species, a long-lived pioneer and two partial
shade-tolerants, were best described by exponential and logistic
decrease functions, indicating relatively continuous regeneration
rates over the past century (Figures 4B–D,E). Only the age
distribution of the pioneer Schizolobium was indicative of an
irregular regeneration pattern (Figure 4A). All these trees have
established in the late 1990s, with mean year of establishment
1998. This establishment peak co-occurs with an exceptionally
severe wildfire hitting the region toward the end of the dry-season
in 1995 (Pinard et al., 1999; Lopez et al., 2012).
In Cameroon, the population age distributions of the long-
lived pioneer Daniellia and Terminalia were best described by
unimodal functions. Both of these species show little recruitment
into the younger age classes over periods of 30 and 60 years,
respectively, when corrected for the minimum sampling size
(Figures 4F,G). The age distribution of Daniellia was relatively
flat (Figure 4F), compared to the other three species, because
individuals recruited over a longer period (Table 2). The
age distributions of the two partial shade-tolerant species,
B. cynometroides and B. eurycoma, were similarly unimodal with
a large cohort of trees∼100 years old (Figures 4H,I) and a period
of absence of regeneration for 50 and 10 years, respectively.
Overall the peak in tree ages coincides for the four species at
∼100 years BP (Figure 4J).
Age distributions of the four Thai species were also best
described by unimodal functions. Although the age distribution
of the long-lived pioneer Afzelia resembled a bi-modal structure,
with two periods of high regeneration around 60 and 160 years
ago (Figure 3I), this bi-modal shape was not confirmed by
the model fitting (Figure 4K). We found evidence for reduced
recent regeneration rates in all Thai species, but the period
of low regeneration was variable per species. The long-lived
pioneers Afzelia and Toona, were characterized by a period of
low regeneration of 20 and 30 years (Figures 4K,M). Melia
and Chukrasia showed lower rates of recent regeneration, but
no marked absence of recent recruits (Figures 4L,N). The peak
in tree ages coincides, at least for three out of four species, at
∼50 years BP (Figure 4O).
DISCUSSION
To our knowledge this is the first study that investigates
regeneration rates of tropical tree species at centennial timescales
and over areas of several hundred hectares. We found evidence
for recent regeneration failure of long-lived pioneer and partial-
shade tolerant tree species at each of the three sites. Particularly
in Cameroon and Thailand a large fraction of the species
showed virtually no regeneration into the size classes above 5 cm
diameter over the past 10–60 years. The irregular age distribution
and presence of regeneration pulses of long-lived pioneer and
partial shade-intolerant tree species is likely associated with past
occurrence of large canopy openings. In the paragraphs below we
discuss the most likely factors explaining the observed patterns
for each of the sites.
Disturbance Reconstruction at the
Bolivian Site
There are several indications that canopy disturbances have
affected the forest stand at the site in Bolivia. The recent
establishment pulse of the shade-intolerant Schizolobium in
Bolivia is indicative of a canopy disturbance in the late 1990s.
This was likely a disturbance with a diffuse character, because
the trees are distributed across the entire study area and there
was no evidence of widespread mortality among canopy trees.
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FIGURE 2 | Age diameter relation for the 12 study species. Gray lines represent the lifetime growth trajectory for each individual tree. Dashed black line
indicates a 1 cm year−1 diameter growth rate. Solid back line represents the population-wide growth rates based on a hossfeld-IV function, R2 of the model fit is
shown in the figure pane. Note the variation in y-axis and x-axis scaling.
The age of the oldest tree (23 years) is unlikely to be close to
the maximum age of Schizolobium, because the largest tree in our
dataset (n= 87) had a dbh of 59 cm (Supplementary Figure S2A),
whereas in a nearby permanent sample plot several Schizolobium
trees >100 cm dbh have been found (IBIF, unpublished results).
The regeneration pulse may have resulted from a large wildfire
that occurred toward the end of the dry season in 1995 across an
estimated 1 × 106 ha of forest in eastern Bolivia, killing around
40% of the trees, but with a much larger impact on tree saplings
than on large canopy trees (Pinard et al., 1999; Lopez et al., 2012).
At another seasonal tropical forest site, Baker et al. (2008) showed
that low-intensity fires can generate a landscape-scale pulse of
canopy gap formation.
In addition to these recent fire-induced disturbances, there
is abundant evidence, including charcoal and pottery fragments,
of high human population densities in La Chonta in pre-
Colombian times (Paz-Rivera and Putz, 2009). Abandonment of
former farmlands and settlement may have favored establishment
of shade-intolerant tree species. However, human population
decline must have occurred >330 years ago (Paz-Rivera and Putz,
2009), which outdates by far the oldest tree that we found, a
220-year-old Sweetia. Therefore, age distributions of our study
species do not reflect this period of forest recovery. The recent
establishment peak of the highly shade-intolerant Schizolobium
and continuous regeneration rates of the other shade-intolerant
species suggest that disturbances, such as fire or drought, were
leading to spatially diffuse patterns of gap formation over the past
century.
Evidence for Disturbance in the
Cameroonian Site
Age distributions of all four species from the site in Cameroon
suggest recent regeneration failure. Terminalia is a long-lived
pioneer species and an indicator species for secondary forest
stands (Lemmens et al., 2012). Successful establishment of such
a tree species is dependent on large canopy openings generating
adequately high light-levels at the forest floor (Newbery et al.,
2013). The three other study species are classified as partial shade-
tolerant to shade-intolerant (Hawthorne, 1995). But given the
shade-intolerant nature of the juveniles of all four Cameroonian
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FIGURE 3 | Age histograms for the 12 study species. Vertical dashed line indicates the age at which >75% of the individuals in our dataset had reached 5 cm
dbh (minimum sampling size used in this study). Shade-tolerance guild is indicated: LLP, long-lived pioneer (red bars); PST, partial shade-tolerant (orange bars). Dark
colored bars represent ages of those individuals for which the pith was included in at least one of the tree cores. Lighter colored bars represent those individuals for
which the pith was not included in any of the samples.
study species, their past regeneration success was likely related
to relatively higher light-levels at the forest floor some 100–
150 years ago. This situation is contrasted by the presently dense
and homogenous canopy of mainly Caesalpinioideae species in
the study area, creating strong shading of the forest understory.
This dark understory is the most likely cause for the observed
low recent regeneration rates of the four study species in the
area, because their seedlings all require some canopy opening to
survive. Our findings are consistent with observations that non-
regenerating long-lived pioneer species are a dominant feature of
West African forests (Newbery and Gartlan, 1996; Poorter et al.,
1996). These earlier studies hypothesized that an establishment
pulse following past disturbance might explain this pattern (see
also: Bourland et al., 2015).
Windthrow occasionally flattens areas of up to 1 ha in the
nearby Korup National Park, but hurricanes do not occur in the
area (Chuyong et al., 2004). Drought and/or human activity are
therefore the most likely drivers of canopy disturbance at this
site. In their study, Newbery et al. (2004) related establishment
of the large canopy tree Microberlinia bisulcata (Fabaceae) in
the adjacent forest area of Korup National Park to periods of
intense drought around 1820–1830 and 1870–1895. The latter
period coincides with the period of highest establishment of the
four species in this study. These 19th century droughts may have
resulted in a period of scattered canopy disturbance (cf. Phillips
et al., 2009), favoring establishment of shade-intolerant tree
species. In addition, there is also evidence of human occupation
of what now seems pristine forests in West and Central Africa
(Malhi et al., 2013). This past human occupation was inferred
from soil layers containing charcoal and pottery fragments
(White and Oates, 1999; Bourland et al., 2015). As in Bolivia,
the sudden abandonment of agricultural fields may have induced
the establishment success of shade-intolerant tree species at the
Cameroonian site. However, we lack any direct evidence on dated
charcoal or pottery fragments from our study site to support this
hypothesis.
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FIGURE 4 | Observed (dots) and predicted (line) age distributions for the 12 study species. The line represents the best-fit model based on the AICc-value.
The r2-values shown in the graphs are calculated as the square of the Pearson’s correlation coefficient between observed and predicted values. Analysis was
restricted to the age classes at which >75% of the individuals in our dataset had reached 5 cm dbh. Except for the bottom panels, the shade-tolerance guild is
indicated: LLP, long-lived pioneer (red); PST, partial shade-tolerant (orange).
Evidence for Disturbance in the Thai Site
High past regeneration rates of long-lived pioneer tree species
such as Afzelia, Melia, and Toona are indicative of past large-
scale and/or intense canopy disturbance at the Thai site. The
1950s establishment pulse of Afzelia was synchronous with
establishment of nearly all Toona individuals in the area. Intense
windstorms that infrequently pass through the region are the
most likely causes for heavy canopy disturbance in HKK (Baker
et al., 2005) and may have led to the establishment of long-lived
pioneer species.
More recent establishment of the shade-intolerant Melia,
which successfully regenerated well into the late 1980s, is
evidence for additional canopy disturbance. These disturbances
could be related to low-intensity fires that occurred nearly
every year somewhere within HKK over the past two decades
(Baker and Bunyavejchewin, 2009). Juveniles of Afzelia are,
however, noticeably susceptible to understory fires (So et al.,
2010) and their successful regeneration may require a situation
of both high light and low fire frequency (Vlam et al., 2014a).
This combination of rare intensive and abundant extensive
disturbances may have caused the irregular tree age distributions
observed in the Thai site.
Site-Level Comparison
In all three sites we found evidence for long-term changes in the
regeneration patterns of shade-intolerant species, suggesting the
presence of large-scale disturbances that occurred over the past
200 years. In general, the age distributions of trees in the Thai
and Cameroonian site indicated more favorable establishment
conditions ∼50 and ∼100 years BP, respectively. Based on tree
ages alone, however, we cannot conclude whether the unimodal
age distributions resulted from historical establishment peaks
or recent regeneration failure in combination with accumulated
mortality risk (cf. Johnson et al., 1994). Only for Afzelia we
can confidently conclude that an establishment peak occurred
∼60 years BP, because the typical longevity of the tree is
much longer, as can be inferred from the second peak in
the age distribution at ∼160 years. The apparent lack of
recent regeneration in Cameroon and Thailand is contrasted
by the Bolivian site, in which we found higher rates of recent
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regeneration and a notable recent establishment peak of one
pioneer species. Altogether this indicated higher rates of recent
disturbance in the Bolivian site than in the other two study
sites. Earlier findings of irregular tree-diameter distributions in
intact tropical forest stands (Poorter et al., 1996; Bunyavejchewin
et al., 2003) and a dominance of long-lived, shade-intolerant tree
species in the forest canopy (Newbery et al., 2013), are consistent
with such legacies of past severe canopy disturbances.
CONCLUSION
Insight into long-term tropical forest stand development will
contribute to a better understanding of possible mechanisms
generating trends in forest biomass (e.g., Baker et al., 2004)
and tropical tree growth (e.g., Groenendijk et al., 2015; van
der Sleen et al., 2015). Recovery from past disturbance may
induce trends in biomass accumulation and tree growth that
cannot be distinguished from those generated by external drivers
(Brienen et al., 2016; but see: van der Sleen et al., 2016), like
increasing temperatures and increasing atmospheric CO2 levels
(Chave et al., 2008). Our results show that long-term tropical
forest dynamics are driven not only by small-scale disturbances
resulting from single treefall gaps, but by a complex history of
disturbance regimes varying in scale and intensity.
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